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INTRODUCTION
G laucoma refers to a specific pattern of retinal ganglion cell (RGC) death that can result in severe vision loss and blindness. Glaucoma can be subtle in onset, allowing for substantial RGC damage to occur before visual dysfunction is apparent [1] . Thus, identification of glaucoma risk factors is of great importance. Surveillance of known glaucoma risk factors allows physicians to closely monitor high-risk individuals and to initiate treatment early in the disease, which aids in the prevention of blindness. Human immunodeficiency virus (HIV) infection is an additional public health problem in the United States and worldwide. The prevalence of HIV infection in the US is more than 1.1 million people [2] . Treatment of HIV infection with combination active antiretroviral therapy (ART) has increased patient survival, reduced opportunistic infections, and increased the number of HIV positive patients living with other chronic medical conditions [3] [4] . HIV plasma viral load and CD4 cell count are surrogate markers of immune function in HIV positive patients. These values are used as part of the routine clinical care of HIV positive patients to evaluate response to treatment and monitor for disease progression. With initiation of ART therapy, the CD4 cell count generally increases as the HIV plasma viral load is controlled. CD4 cell count is the strongest predictor of subsequent disease progression and survival according to findings from clinical trials and cohort studies [5] [6] . Additionally, the measurement is used to determine the need for opportunistic infection prophylaxis. Despite advancements in therapy, patients with HIV infection experience structural and functional damage to the visual system [7] [8] . Optical coherence tomography (OCT) and scanning laser polarimetric studies of the peripapillary retinal nerve fiber layer (RNFL) show evidence of inner retinal damage, which appears cumulative in HIV patients with a history of low CD4 cell counts without any evidence of infectious retinitis [9] [10] . Additionally, abnormalities in color vision and contrast sensitivity have been reported in HIV, contributing to the complex referred to as HIV-associated neuroretinal disorder (NRD) [11] [12] . Proposed mechanisms for NRD include damage to the optic nerve and related structures by the HIV virus itself, destruction from the immune response to HIV infection, and tissue damage from virus-associated chronic microvasculopathy and hematologic abnormalities [7, 12] .
There are numerous reports of RNFL damage [13] [14] [15] [16] , visual field abnormalities [17] [18] , and optic nerve head morphology changes [19] in HIV positive patients. Clinically, we have observed that these changes in HIV positive patients often resemble those seen in patients under evaluation for glaucoma suspect (Figure 1 ). Accordingly, many HIV positive patients undergo thorough glaucoma suspect workup, frequent surveillance visits and testing, and sometimes treatment for glaucoma. There is a dearth of evidence regarding how to distinguish the complex of HIV-associated NRD from glaucoma suspect or early glaucoma. Existing literature has been variable in observing a relationship between CD4 cell count and ophthalmic variables such as RNFL thickness [7, 10, [13] [14] 20] . While structural or functional progression in a glaucomatous pattern often points toward the diagnosis of glaucoma, we were motivated to look at patients under evaluation for glaucoma suspect to better understand fundamental characteristics that might distinguish patients with HIV-associated NRD and patients at risk for developing glaucoma. We sought to perform an exploratory study investigating relationships between historic nadir CD4 count, RNFL thickness, and ganglion cell layer thickness to better guide The study was performed in collaboration with the Center for Special Studies, a New York State Designated AIDS Center. The electronic medical record database was queried for all patients with a diagnosis of HIV (ICD-9 V08, 042) as well as glaucoma suspect (ICD-9 365.00, 365.01, 365.05) and/ or ocular hypertension (ICD-9 365.04). Inclusion criteria required open angles on gonioscopy, a best-corrected visual acuity of 20/40 or better, and an age of 18 years or older. Included patients had undergone at least two reliable Cirrus high definition-OCT measurements (Carl Zeiss Meditec, Inc., Dublin, CA, USA) taken at least 6mo apart, defined as signal strength ≥7/10 with a focused image and proper centration of the optic disc within the scan circle, from which RNFL thickness and macular ganglion cell-inner plexiform layer (GCIPL) thickness measurements were recorded. Participants were excluded if they had a history of intraocular pressure (IOP) lowering therapy, macular pathology, active or prior infectious retinitis, prior intraocular surgery, refractive error ≥±5.00 diopters, non-glaucomatous optic neuropathy, or any other ocular or systemic disease that could affect the optic nerve. Charts were culled for demographic information (age, gender, self-identified race/ethnicity, presence of diabetes mellitus, history of smoking tobacco), HIV parameters (year since HIV diagnosis, treatment status, laboratory measured CD4 T-lymphocyte counts and viral load levels dating back to January 1990, nadir CD4 count and date), and glaucoma/ ophthalmic variables (visual acuity in each eye, refractive error, gonioscopy, central corneal thickness (CCT), IOP at first "glaucoma suspect" visit and maximum measured IOP). Data were described as n (%) for categorical measures and as mean (standard deviation) for continuous measures. Demographic and clinical characteristics between nadir CD4 cell count groups (<200 cells/mm 3 and ≥200 cells/mm ) were compared by Chi-squared/Fisher's Exact tests or independent two-sample t-tests/Wilcoxon rank-sum tests. Similar tests were used to compare individual eye characteristics (RNFL thickness and GCIPL thickness as measured by OCT) by nadir CD4 cell count groups. All P-values were two-sided with statistical significance evaluated at the 0.05 alpha levels. Analyses were performed in R version 3.4.3 (Vienna, Austria). RESULTS Participant Characteristics In total, 110 eyes of 55 patients met inclusion criteria, of which 46 eyes (42%) were from subjects with a nadir CD4 cell count <200 cells/mm 3 and 64 (58%) were from subjects with nadir CD4 cell count ≥200 cells/mm 3 . At the time of initial ophthalmology visit, the most recent median CD4 cell count was 500±227 cells/mm 3 , and 78% of subjects had an undetectable viral load. Among all participants, 48 of 55 were on ART at time of initial OCT. Men comprised a greater percent of the study population with nadir CD4 cell count ≥200 cells/mm 3 (n=27, 84.3%) compared to those with lower nadir CD4 cell count (n=16, 69.6%; P=0.208; Table 1 ). The average age of subjects was 49±10y. There was no significant difference between either group in family history of glaucoma, history of diabetes, smoking history, or years elapsed since HIV diagnosis ( (Table 2) . No outlier eyes were identified at either time point that could account for these findings. Change over time between OCT1 and OCT2 was calculated for mean RNFL thickness, mean GCIPL thickness, RNFL quadrants, and GCIPL sectors. Change over time was not significantly different between the nadir CD4 cell count groups for any of these RNFL or GCIPL measurements. There was no statistically significant change over time in RNFL thickness based on HIV duration in either nadir CD4 cell count group (data not shown). DISCUSSION Historically, vision loss in patients with HIV resulted from retinitis due to opportunistic organisms such as cytomegalovirus and herpes viral retinitis and less commonly from infections such as toxoplasmosis, syphilis, and cryptococcosis [7] .
RNFL in HIV
These devastating opportunistic infections were also highly associated with mortality. Today, the life expectancy of patients living with HIV in North America is approaching that of patients without HIV [21] . This dramatic growth in life expectancy in HIV positive individuals in the last two decades is attributed in part to antiretroviral medications with less frequent dosing and fewer side effects, improved adherence, and advancements in comorbidity management [21] . With HIV positive patients living into older age, for the first time in history clinicians are faced with the challenge of deciding how to best screen for and manage diseases of aging in this patient population. Some authors have even hypothesized that HIV results in an accelerated biological aging process [22] . Thus, among these challenges is the question of how to best evaluate HIV positive patients who are identified as "glaucoma suspects," usually because of clinician concern for enlarged cup to disc ratio. [7] . They also observed an association between CD4 cell count and contrast sensitivity with mean contrast sensitivity decreasing with declining CD4 cell count, adding support to the hypothesis that virus control may be related to visual dysfunction [7] . The association between HIV infection and visual field abnormalities [7, [17] [18] [19] coupled with increasing reliance on OCT to detect early glaucomatous RNFL thinning [23] emphasizes the importance of research investigating how to interpret RNFL abnormalities in otherwise healthy patients with HIV infection and enlarged cups. The literature varies regarding the reported associations between RNFL thickness and HIV infection. In a prospective study using the Heidelberg Retinal Tomograph confocal scanning laser ophthalmoscope, Plummer and associates imaged the eyes of HIV positive patients with and without cytomegalovirus retinitis and HIV negative control patients and found thinner peripapillary RNFL in both HIV positive groups compared with HIV negative controls [24] . Using scanning laser polarimetry, Kozak et al [10] divided HIV positive patients into low-nadir and high-nadir CD4 cell count groups (using <100 cells/mm 3 for at least 6mo as their cutoff) and detected significantly lower RNFL index scores for the low nadir group compared with the high nadir group and no significant difference between the high nadir and HIV negative patients. Following the introduction of OCT, Kozak et al [9] then performed a similar study using time domain
OCT and again observed that eyes of HIV positive patients with low nadir CD4 cell counts had thinner average RNFL and thinner temporal, superior, and inferior quadrant RNFL compared with eyes of patients with high nadir CD4 cell count and HIV negative control eyes. In contrast, Demirkaya et al [20] and Pathai et al [22] did not find significant differences in peripapillary RNFL thickness between HIV positive patients and HIV negative controls. Our finding that HIV positive patients with a lower nadir CD4 cell count had thicker RNFL in two quadrants compared with higher nadir CD4 cell count patients is thus somewhat surprising. The finding was reproducible at both time points.
We investigated other parameters including classes of ART, CD4 cell count at the time of OCT measurements, time since HIV diagnosis, and viral load data without finding associations. RNFL thickness may thus be falsely reassuring in some HIVpositive patients and may mask glaucomatous RNFL thinning. As yet, the etiology of this finding remains unclear, and possible explanations include inflammation, microvascular disease, or a factor unique to the virus or ART. Kalyani et al [25] reported a subgroup of HIV-positive patients with average RNFL thickness greater than normal. In this group, duration of HIV disease was shorter compared with the group whose RNFL thickness was less than normal. Although the difference was not statistically significant, the authors hypothesized that axon compromise resulted in an initial phase of RNFL swelling before becoming atrophic. This association was not observed in our data. There is increasing interest in the effects of immune responses, particularly cellular immunity, on RGC damage and protection in an effort to better understand glaucoma pathogenesis. Given the emerging role of T cells in our understanding of the etiology of glaucoma [26] , one possibility is that a period of low T cells is actually protective against ganglion cell death and RNFL loss. We limited our study to patients who received their HIV specialized care at the Center for Special Studies (CSS) at NewYork-Presbyterian Hospital/WCMC. CSS has been a leader in HIV care since 1988 and was one of the first programs in New York to be recognized as a Designated AIDS Center by the Department of Health. Although our study is limited by its retrospective nature, we feel that the Center's outstanding electronic medical records are strength of our study and allowed for detailed chart review and CD4 data since HIV diagnosis in most of the patients in our series. Our findings are limited by the size of our sample, which may have limited our ability to detect associations, for example the influence of medications on RNFL. Future prospective studies of larger cohorts are needed to better understand the relationship between nadir CD4 count, other markers of HIV control, and RNFL and GCIPL measurements. Our inclusion of only two OCT studies is an additional limitation. Most of the included patients were seen in follow up only two to three times over the study period. Our department commenced use of Cirrus HD-OCT in 2008, and we included only patients who underwent testing on the Cirrus HD-OCT. Although there is some consensus that patients with CD4 cell counts <50 mm 3 should undergo regular dilated funduscopic examinations every 6-12mo to evaluate for HIV-related complications such as infectious retinitis [27] , there are no firm guidelines for eye exams in other HIV positive patients. This coupled with barriers to care in this patient population may have contributed to infrequent follow up. Finally, we observed slightly thinner mean CCT in the nadir CD4 cell count <200 cells/mm 3 group, although this finding did not reach statistical significance. Given the known association between thinner CCT and glaucoma risk, one might have expected the low nadir group with thinner corneas to have thinner RNFL as well. In fact, the observation of two quadrants of thicker RNFL in the group with thinner corneas (and low nadir CD4 cell count) may add weight to our findings. In our series, HIV positive patients under evaluation for suspicion of glaucoma who had a nadir CD4 cell count <200 cells/mm 3 had thicker RNFL in two quadrants compared with higher-nadir patients. This finding leaves open the possibility that RNFL thickness may be falsely reassuring in some HIV-positive patients and may mask glaucomatous RNFL thinning. Prospective studies and further evaluation of ganglion cell data are needed to corroborate these findings. As the life expectancy of patients living with HIV continues to rise, greater numbers of HIV patients will be at risk for diseases for aging, requiring specialized attention to the role of HIV in glaucoma surveillance and treatment.
